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Abstract High-resolution Sr/Ca ratios of two Porites cor-
als from Leizhou Peninsula were measured using inductively
coupled plasma atomic spectrometry (ICP-AES). TIMS U-Th
dating reveals that the life-spans of the two corals are 489-
500 AD and 539-530 BC, respectively. Monthly sea surface
temperatures (SSTs) during these two periods can be recon-
structed from their skeletal Sr/Ca ratios. The results reveal
that SSTs during 539-530 BC were roughly the same as
those during 1990-2000 AD in this area, indicating a rela-
tive warm climate period. However, the period of 489-500
AD was significantly cooler, with annual mean SST, the 10-a
average of minimum monthly winter SSTs and the 10-a av-
erage of maximum monthly summer SSTs being about 2, 2.9
and 1"C lower than that in the 1990s, respectively. Such cli-
mate patterns agree well with the phenological results re-
corded in the historic documents in other areas of China.
Keywords: Porites coral, Sr/Ca ratio, sea surface temperature, South
China Sea, Holocene.
DOl: lO.1360/03wd0622
Holocene climate change has a great impact on hu-
man activity and the evolution of the human civilization.
Therefore, to evaluate the quality of the present living
environment of human being and to forecast the future
climatic and environmental trend are important to the sur-
vival and development of human civilization. Under-
standing the climate change during Holocene may be es-
sential for these purposes. Related studies on Holocene
climate change had long been made in China, and a great
number of notable results had been obtained. In recent
years, many studies were carried out based on historical
documents, ice cores, stalagmites, tree rings, peat, lake
sediments, etc., and a great number of valuable data have
been obtained. With the help of these data, the outline of
the Holocene climate change in China had been drawn[I,2]
(and references therein). However, as for the records of
temperature variation, the key index of climate change,
the instrument-measured records in most areas of China
are not longer than dozens of years. On the other hand,
continental temperature records obtained from ice cores,
stalagmites, tree rings, peat and lake sediments cannot be
compared quantitatively with instrumental records, and
neither can they be used as proxies of the sea surface
temperature.
Coral reefs occur allover the tropical oceans. Due to
their fairly high growth rates (about 10-20 nnnla), the
coral skeleton can provide very high-resolution (monthly
to weekly) paleoclimate records. Some element ratios,
such as Sr/Ca and Mg/Ca in coral skeletons, are mainly
controlled by the temperature of the ambient seawater
when the skeletons are concreted[3,4]. Therefore, these
element ratios can be used as proxies of the sea surface
temperature (SST), which can be calibrated against mod-
em instrumental records. With this merit, the coral skeletal
elemental ratios can used to quantify SSTs through time
and reveal the trend of climate change. This enables us to
prolong the temperature records to ancient times when
instrument records were not available, and provide us
valuable data for a better understanding of past climate
change.
Leizhou Peninsula is located at the southern end of
the continental China and the northern margin of the
tropical climate belt. A well-preserved coral reef occurs at
the southwestern coast of Leizhou Peninsula, which is one
of the best-preserved fringing reefs around the continental
coast of China. On this reef, excellent materials are avail-
able for the study of the climate change in northern South
China Sea and South China continent. A few case studies
of this reef focusing on the coralline paleoclimate recon-
struction were reported in recent years[5,6]. Precise TIMS
U-Th dating reveals that this coral reef was formed during
several episodes of relative sea level highstands during the
past 7000 a.
Two Porites lutea coral samples DL-05R and DL-ll
collected from Dengloujiao, Xuwen County in this area
(200 12'N, 109°55'E) were selected for high-resolution
SST studies. They were formed in the areas of relative
high sea level and in the periods of 1511±22 a and
2539±24 a (TIMS U-Th dating), respectively[7]. These two
periods belong to the transition periods between
Megathermal and Medieval Warm Periods in Holocene.
Previous studies of Holocene climate change had paid less
attention to such transitional periods than to other periods.
However, the relative sea levels during these periods were
higher than at present, which were likely related to some
special climate events. Reconstruction of the SST records
from these two corals has significant implications for the
Holocene climate change.
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1 Materials and analytical methods
The two coral samples DL-05R and DL-11 were first
sliced into slabs with the thickness of about 5 mm. The
growth patterns of these corals were investigated using
X-ray photography in order to identify the maximum
growth axes. The Sr/Ca samples were collected along the
maximum growth axis with a sampling resolution about
0.5-1 mm, corresponding to monthly resolution or higher.
Prior to sampling, a series of chemical treatments were
performed on these slabs, including sequential ultrasonic
washing in deionized water, I mol/L NaOH+1O%H20 2
and diluted HN03. Details of the sampling and chemical
treatments are similar to those described by ref. [8].
Representative sub-samples were selected for X-ray
diffraction analysis to determine their mineral components.
The results reveal that all the coral samples are composed
of aragonite without any calcite, indicating that the coral
samples are all fresh. The sub-samples were digested in
3% (volume contents) HN03, and their Sr/Ca ratios were
precisely measured on a Varian Vista ICP-AES in Guang-
zhou Institute of Geochemistry, Chinese Academy of Sci-
ences. Detailed analytical procedures were described in ref.
[8]. The precision for the measured Sr/Ca ratios is better
than 0.3%, and the results of the quality-control samples
indicate that the long-term reproducibility of the Sr/Ca
ratios is higher than 0.2%. All the measured Sr/Ca ratios
are listed in Table I. The coralline Sr/Ca thermometer in
this area was established on a modem Porites lutea coral
by calibrating against instrument SST records. The ther-
mometer is: Sr/Ca (mmol/mol) = -0.0424(±0.0031) X
SST(C) + 9.836(±0.082) (MSWD = 8.5)1). The measured
Sr/Ca ratios were translated into SSTs using this ther-
mometer, and the precision of the SSTs was 0.2---D.5'C
estimated from the analytical precision.
2 The SSTs calculated from coralline Sr/Ca ratios
The life spans of samples DL-05R and DL-II are
twelve and ten years, respectively. The SST records were
calculated from the Sr/Ca ratios using the thermometer
described above, and the SST series are shown in Fig. 1.
In order to compare between the ancient SST records and
modem ones, the monthly mean instrumental SSTs at
Haikou Meteorological Station from 1989 to 2000 is also
shown in Fig. I. The sampling location of these two corals
is about 40 km away from Haikou Meteorological Station.
The sea surface temperatures at these two areas are highly
correlated with the temperature between 0.1 and 0.3 'C
only[9J. Therefore, the SST records in Haikou are repre-
sentative of those at the sampling location of these two
corals.
We transfer the TIMS U-Th ages of these two corals
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into calendar years, which enable us to compare the coral-
line paleoclimate records with those in the historical
documents directly. The TIMS U-Th dating was per-
formed in 2000 AD, the life time for DL-05R coral (1511
a) is from 489 AD to 500 AD, and 539 BC to 530 BC for
DL-11 coral (2539 a), corresponding to the period of the
Northern-Southern Dynasties and Spring-Autumn Periods
in the history of China, respectively.
The time intervals between sub-samples of the SST
records reconstructed from coralline Sr/Ca ratios are not
uniform as those of the monthly average of the instru-
ment-recorded SSTs. Because the coral growth rates are
higher in summer than that in winter in the South China
Sea, the number of the sub-samples from winter bands
should be less than those from summer bands when sam-
pling in equal spaces. Thus, most of the coralline SST data
are concentrated in summer, and SST data in winter are
relatively less. In order to improve the resolution in win-
tertime, the sampling space at the winter band is generally
condensed to 0.5-0.8 mm. This enables the time resolu-
tion of the SSTs in wintertime to be not lower than
monthly average~ As for those from summertime, the time
resolution of a single sub-sample collected in I mm space
is generally higher than monthly average. However, the
SST drifts in the northern South China Sea are generally
very small from June through August. Therefore, the av-
erage of the SSTs from these high-resolution sub-samples
in summertime is close to the monthly averages, and the
SSTs reconstructed from these coralline Sr/Ca ratios
roughly represent the monthly average SSTs in the past.
The SST records in the Northern-Southern Dynasties
(DL-11) reveal a maximum monthly mean summer SST of
about 31.4 'C, which is close to that of the instrumental
records in modem time. However, a minimum summer
SST of 29.5'C is about 2'C lower than that in modem
time (Fig. I). As for the monthly average winter SST re-
cords, the records in the Northern-Southern Dynasties are
generally lower than those in modem time (Fig. I). The
SST records during Spring-Autumn Periods exhibit simi-
lar summer and winter SSTs to those in modem time ex-
cept for two abnormal winter SST records in 535 BC and
534 BC.
Similar to creatures, corals can adjust their growth
status to fit the rapid enviromnent change. This may lead
to the magnified Sr/Ca-SSTs if compared with instrumen-
tal records[IOJ. Therefore, single abnormal value in the
coralline SST records may not be representative of the
true record of the climate change, rather the long-term
trends exhibiting by the coralline SST records might be
reliable[ll] .
Some other factors may also affect the Sr/Ca-SST
1) Yu, K. F., Zhao, 1. x., Wei, G 1. et aI., 5 180, Sr/Ca and Mg/Ca records of Porites [utea corals from Leizhou Peninsula, northern South China
Sea and their applicability as paleothermometers, 2004 (submitted to Palaeogeography Palaeoclimatology Palaeoecology).
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Table I The Sr/Ca ratios of the corals from Leizhou Peninsula
Sample ID Sr/Ca/mmol • mol-1 Sample ID Sr/Ca/mmol • mol-1 Sample ID Sr/Calmmol'mol-1 Sample ID Sr/Calmmol • mol-1
DL-11coral 6-052 8.697 6-105 8.637 7-19 8.670
6-001 8.679 6-053 8.649 6-106 8.626 7-20 8.658
6-002 8.640 6-054 8.601 6-107 8.611 7-21 8.650
6-003 8.674 6-055 8.595 6-108 8.608 7-22 8.741
6-004 8.608 6-056 8.606 6-109 8.578 7-23 8.933
6-005 8.664 6-057 8.756 6-110 8.593 7-24 9.030
6-006 8.746 6-058 8.789 6-111 8.613 7-25 8.989
6-007 8.723 6-059 8.849 6-112 8.647 7-26 8.828
6-008 8.864 6-060 8.714 6-113 8.716 7-27 8.754
6-009 8.918 6-061 8.715 6-114 8.815 7-28 8.614
6-010 8.880 6-062 8.726 6-115 8.821 7-29 8.654
6-011 8.809 6-063 8.719 6-116 9.079 7-30 8.707
6-012 8.734 6-064 8.691 6-117 9.046 7-31 8.744
6-013 8.709 6-065 8.708 6-118 8.953 7-32 8.835
6-014 8.649 6-066 8.782 6-119 8.846 7-33 8.918
6-015 8.592 6-067 9.060 6-120 8.749 7-34 8.827
6-016 8.675 6-068 9.216 6-121 8.562 7-35 8.923
6-017 8.764 6-069 8.906 6-122 8.529 7-36 8.946
6-018 8.777 6-070 8.768 6-123 8.485 7-37 8.921
6-019 8.967 6-071 8.817 6-124 8.521 7-38 8.869
6-020 8.855 6-072 8.760 6-125 8.570 7-39 8.711
6-021 8.766 6-073 8.737 6-126 8.604 7-40 8.617
6-022 8.634 6-074 8.716 6-127 8.987 7-41 8.566
6-023 8.624 6-075 8.732 6-128 9.006 7-42 8.617
6-024 8.690 6-076 8.620 6-129 8.997 7-43 8.609
6-025 8.682 6-077 8.647 6-130 8.815 7-44 8.644
6-026 8.686 6-078 8.831 6-131 8.726 7-45 8.728
6-027 8.641 6-079 8.942 6-132 8.710 7-46 8.844
6-028 8.654 6-080 8.814 6-133 8.641 7-47 9.015
6-029 8.671 6-081 8.689 6-134 8.650 7-48 9.101
6-030 8.671 6-082 8.648 6-135 9.049 7-49 8.826
6-031 8.712 6-083 8.692 6-136 9.077 7-50 8.664
6-032 8.917 6-084 8.668 6-137 8.929 7-51 8.652
6-033 8.903 6-085 8.692 DL-05Rcoral 7-52 8.618
6-034 8.756 6-086 8.646 7-01 8.845 7-53 8.592
6-035 8.713 6-087 8.655 7-02 9.076 7-54 8.667
6-036 8.673 6-089 8.641 7-03 9.098 7-55 8.729
6-037 8.622 6-090 8.565 7-04 8.702 7-56 8.727
6-038 8.593 6-091 8.673 7-05 8.674 7-57 8.765
6-039 8.620 6-092 8.563 7-06 8.652 7-58 8.781
6-040 8.608 6-093 8.625 7-07 8.590 7-59 8.966
6-041 8.529 6-094 8.744 7-08 8.621 7-60 9.078
6-042 8.541 6-095 8.914 7-09 8.672 7-61 8.918
6-043 8.653 6-096 9.113 7-10 8.714 7-62 8.650
6-044 8.730 6-097 9.062 7-11 8.850 7-63 8.649
6-045 8.793 6-098 8.916 7-12 8.997 7-64 8.641
6-046 8.902 6-099 8.824 7-13 9.041 7-65 8.603
6-047 9.002 6-100 8.789 7-14 8.864 7-66 8.680
6-048 8.975 6-101 8.734 7-15 8.589 7-67 8.814
6-049 8.889 6-102 8.685 7-16 8.534 7-68 8.836
6-050 8.756 6-103 8.677 7-17 8.591 7-69 8.926
6-051 8.717 6-104 8.645 7-18 8.604 7-70 8.997
(To be continued on the next page)
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The preCISlOn for Sr/Ca ratlos IS better than 0.3%; n.d., not determmed.
(Continued)
Sample ID Sr/Calmmol • mol-1 Sample ID Sr/Ca/mmol • mol-1 Sample ID Sr/Calmmol'mol-1 Sample ID Sr/Calmmol • mol-1
7-71 9.157 7-96 8.678 7-121 9.014 7-146 8.808
7-72 9.142 7-97 8.712 7-122 8.713 7-147 8.861
7-73 8.959 7-98 8.734 7-123 8.642 7-148 8.899
7-74 8.733 7-99 8.691 7-124 8.655 7-149 8.925
7-75 8.688 7-100 8.854 7-125 8.599 7-150 9.076
7-76 8.689 7-101 8.947 7-126 8.634 7-151 9.254
7-77 8.727 7-102 8.952 7-127 8.669 7-152 9.192
7-78 8.792 7-103 9.137 7-128 8.753 7-153 8.875
7-79 8.659 7-104 9.081 7-129 8.753 7-154 8.748
7-80 8.791 7-105 8.865 7-130 8.889 7-155 8.713
7-81 8.832 7-106 8.695 7-131 8.925 7-156 8.714
7-82 8.928 7-107 8.635 7-132 9.004 7-157 8.725
7-83 9.017 7-108 8.661 7-133 9.109 7-158 8.673
7-84 8.999 7-109 8.748 7-134 9.190 7-159 n.d.
7-85 8.989 7-110 8.656 7-135 9.145 7-160 n.d.
7-86 9.082 7-111 8.769 7-136 8.917 7-161 8.806
7-87 9.202 7-112 8.742 7-137 8.754 7-162 8.831
7-88 9.155 7-113 8.658 7-138 8.754 7-163 8.781
7-89 8.994 7-114 8.738 7-139 8.699 7-164 8.848
7-90 8.760 7-115 8.775 7-140 8.728 7-165 9.005
7-91 8.740 7-116 8.716 7-141 8.751 7-166 9.085
7-92 8.761 7-117 8.765 7-142 8.724 7-167 9.279
7-93 8.790 7-118 8.919 7-143 8.765 7-168 9.171
7-94 8.727 7-119 9.088 7-144 8.776 7-169 8.782
7-95 8.743 7-120 9.292 7-145 8.751 7-170 8.762
..
records. Previous studies indicate that the Sr/Ca ratios
from corals with algal symbionts are more sensitive to
temperature change than those without algal symbionts,
and the existence of algal in corals might lead to suspected
SST records[l2]. However, a number of studies on modem
corals show tight covariations between coralline Sr/Ca
ratios and instrumental SSTs in the past ten years. This
implies that the effect of the algal to the SST records
might be overestimated. It is likely that the Sr/Ca ratios of
the algal may also linearly respond to SST change though
their sensitivity to SST change is larger than those from
CaC03 without algal symbionts. Therefore, the response
of the coralline Sr/Ca ratios to SST change may be the
combination of the biological effect (CaC03with algal)
and the chemical effect (CaC03 without algal), and such
combination can proxy the true SST change. As for the
corals analyzed in this study, the algal contents are very
low. Furthermore, a strong oxidizing treatment had been
taken before sub-sample collection[8]. Therefore, the algal
may not affect much the reliability of our coralline Sr/Ca
SST records.
Change of the seawater Sr/Ca ratios may also affect
the reliability of the coralline Sr/Ca SST records. Former
studies indicate that the global seawater Sr/Ca ratios may
change by about 1%-3% during glacial/interglacial cy-
cles when fluctuation of the sea level is up to 120 m in
maximum[l3]. However, our samples span the last 2500 a
only, and the change of the global sea level is very limited
during this period. Therefore, the change in the seawater
Sr/Ca ratios should be very small and negligible. Overall,
the coralline Sr/Ca ratios in this paper may provide the
reliable records of the climate change at Leizhou Penin-
sula.
3 Trends of the Sr/Ca-SST Change
In order to better understand the characteristic
change of the SST records from the two corals, we use the
maximum and minimum SSTs within an annual cycle to
estimate the maximum monthly average in summer and
the minimum monthly average in winter, respectively, and
the average of the maximum and minimum SSTs as the
estimate of annual average SST. The same estimates are
also made on the instrument SST records in modem times
for comparison. Fig. 2 shows the comparison of the
monthly average SSTs in summer and winter, and the an-
nual average SSTs during the periods of 489 AD-500 AD,
539 BC-530 BC, and 1990 AD-2000 AD. The averages
of these SSTs are listed in Table 2.
Even though there exist some anomalous winter and
summer SSTs in the coralline records of 539 BC-530 BC
(Spring-Autunm Periods) shown in Fig. 2, the statistic
results listed in Table 2 indicate that the average of the
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difference between the averages of the summer maxima is
relatively small, about 1'c, the difference between the
averages of the winter minima are large, 2.9 'C. The dif-
ference between annual mean SSTs is 2'C. This suggests
that the climate in 489 AD-500 AD was cold, especially,
in winter. It is worth noting that the summer SSTs, winter
SSTs and the annual average SSTs all exhibit sequential
decreasing trends in the Sr/Ca-SST records, indicating a
period with rapid temperature decrease. Such rapid change
on decadal time scale can be seen in the long-term coral-
line SST records[ll], which represent the trend of climate
change at that time.
The coralline SST records agree well with the
phenological results recorded in historical documents in
other areas of China continent. According to historical
documents, the climate in northern China was warm dur-
ing Spring-Autunm Periods[lJ, and the climate during
Northern-Southern Dynasties was relatively cold[l,14J. Es-
pecially, there exists a significant cold period from 450
AD to 530 AD, in which the average of winter half-yearly
air temperatures over a 30-a time span was over 1'c
lower than that in the modem times[l4J. Our coralline SST
records reveal that the average minimum monthly SST in
a 10 a time span was about 2.9'C lower than that in the
1990s. Considering that the minimum monthly SSTs may
generally show larger variations than the half-yearly SSTs,
the 2.9'C temperature drop of the coralline SST records
should be concordant with the over 1'c temperature drop
from historical documents. Therefore, the coralline SSTs
are reliable records of the climate change in the past.
4 Summary
High-resolution Sr/Ca ratios of two Holocene Porites
lutea corals from Leizhou Peninsula were precisely meas-
ured using ICP-AES, and SST records with resolution
better than monthly average of two late Holocene periods
(489 AD-500 AD and 539 BC-530 BC) and were cal-
culated from these Sr/Ca ratios using coralline Sr/Ca
thermometer previously established in this area. The re-
sults indicate that the lO-a averages of the minimum
monthly SSTs and the maximum monthly SSTs, as well as
the annual average SSTs in 539 BC-530 BC are similar
to those in the 1990s, representing a warm climate period.
In contrast, in 489 AD-500 AD, the lO-a average of the
minimum monthly SSTs is about 2.9'C lower than in the
1990s, and the average of the maximum monthly SSTs
and the average annual SST are about 1 and 2 'c lower
2000 AD199819961994
489 490 491 492 493 494 495 496 497 498 499 500 AD
32
28
f..J 24
f::;
~ 20
16
(a)
12
1990 1992
32
28
f..J 24
f::;
~ 20
16
12
f..J 24
f::;
~ 20
Fig. 1. SST records reconstructed from coralline Sr/Ca ratios. (a)
Monthly average of the instrumental SSTs in Haikou Meteorological
Station, (b) coralline SST records from DL-05R coral, (c) coralline SST
records from DL-II coral.
SSTs in this period within lO-a time span is very close to
that of the 1990s. The average of the minimum monthly
average SST in this period is 0.4 'C higher than that in the
1990s, and the maximum monthly average SST is 0.2'C
lower than in the 1990s. As for the annual average SSTs,
the lO-a average of this period is the same as that in 1990s,
24.7 'C. Such temperature differences are all within the
analytical uncertainties of the coralline Sr/Ca SSTs.
Therefore, the sea surface temperatures in the period of
539 BC-530 BC in Leizhou Peninsula are similar to
those at present, indicating a fairly warm period in
Spring-Autunm Periods.
As for the coralline SST records of 489 AD-500
AD (Northern-Southern Dynasties), the lO-a averages of
the monthly winter SST minima and the monthly summer
SST maxima are both lower than those of the instrumental
SST records in the 1990s (Fig. 2 and Table 2). While the
Table 2 Statistic results of the IO-a averages ofthe coralline SSTs and the instrument records in modern time
Time period Minimum monthly averagerC Maximum monthly averagerC Annual averagerC
1989 AD-2000 AD (instrument records)
489 AD-500 AD (DL-05R coral)
539 BC-530 BC (DL-II coral)
19.1
16.2
19.5
30.2
29.2
30.0
24.7
22.7
24.7
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than in the 1990s, respectively, reflecting a cold period.
Such observations are in good agreement with the
phenological results from historical documents in other
areas of China continent, suggesting that the coralline
Sr/Ca ratio is a reliable proxy for the past climate change.
Fig. 2. Comparison of the minimum monthly average SSTs, the maxi-
mum monthly average SSTs and the annual average SSTs in 10-a time
span. (a) Minimum monthly average SSTs, (b) maximum monthly aver-
age SSTs, (c) annual average SSTs.
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